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Abstract 
 
Ships require continuous onboard electrical power to supply essential loads as well as hotelling 
demand. This extends to the period of time spent berthed, where the onboard power is typically 
provided by running of the vessel’s diesel generators. Cold ironing eliminates these in-harbour 
emissions by connecting the ship’s electrical network to the shoreside grid. This paper looks at various 
shoreside network topologies which can provide the required power when berthed from the local 
supply. Each topology presents different flexibility and efficiency attributes which can be best matched 
to the expected load by considering the harbour’s visiting ships’ electrical profile. Use is made of a 
multi-objective particle swarm optimisation algorithm to identify optimal configurations based on berth 
powers, with a view to reduce installation cost as well as shoreside emissions. These resultant 
emissions depend not only on the shoreside network but also on the local generation mix which 
therefore must be taken into account in order to provide a sensible comparison with onboard 
generation. 
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1. Introduction 
 
Cold ironing (also called Onshore Power Supply or Alternative Marine Power) refers to the electrical 
connection of berthed ships to the shore electrical network, such that electrical power can be provided, 
avoiding the need to run onboard generators. The main motivation behind cold ironing is 
environmental, with the aim being to reduce emissions while berthed. Legislation such as EU Directive 
2005/33/EC limits the Sulphur in fuel content to 0.1% while a vessel is berthed in an EU port for more 
than two hours, or alternatively, cold ironing can be used. 
 
The provision of shore power is not a new idea, with numerous projects having been developed over 
the years. One of the key developments in recent years has been the publication of a joint 
IEC/ISO/IEEE standard 80005-1 (IEC/ISO/IEEE 2012) which provides a standardised reference for 
new cold ironing installations. This sets down voltage levels, protection requirements and the 
fundamental network requirements for safe cold ironing. Standardisation facilitates the uptake of cold 
ironing by providing a uniform system, meaning that vessels can connect to shore supplies without 
needing bespoke systems. 
 
In this paper, we provide an examination of the environmental aspect of cold ironing by looking at 
airborne emissions generated by the provision of shore power to all five berths of a RoRo terminal 
assuming an ideal situation where all visiting vessels are able to connect to shore power. Three 
different shoreside network configurations are described and modelled in Simulink, following which an 
optimisation algorithm was developed in order to identify optimal networks with respect to topology 
and component size. The optimisation algorithm aims to reduce the generated emissions while 
minimising the component cost of the system.   
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2. The electric infrastructure 
 
The shoreside power network’s aims are to provide power in sufficient quantity and of the necessary 
quality as demanded by the berthed vessels with the highest possible efficiency and flexibility. The 
fundamental components as defined by IEC/ISO/IEEE 80005-1 are illustrated in Figure 1, showing the 
necessary requirements for a compliant shore connection system. 
 
From the incoming high voltage utility supply, a step-down transformer converts the voltage to a level 
to be handled by the shoreside network, followed by a frequency converter. The frequency converter is 
necessary to match the demanded shipside frequency which can differ from that provided by the utility. 
60Hz supplies are more popular on ships, while shoreside supplies in Europe are 50Hz. A solid state 
frequency converter consisting of a rectifier input and inverter output stage, separated by a DC link is 
able to provide the alternate frequency if required by the connected ships (Yang, Bai et al. 2011). A 
final transformer is required on the shoreside in order to provide isolation between vessels and the 
shore supply. This isolation transformer also needs to provide matching for the earthing arrangement 
required on the ship (ABS 2011). 
 
The frequency converter and transformers can be located in a substation remote from the quayside 
where space is more of a premium. The berthside switchboard on the other hand must be located at the 
berthside in order to provide the connection interface. This switchboard provides the protection devices 
for the ship-shore cable, as well as the necessary interlocks. This includes an earthing switch, necessary 
to solidly earth the cable when disconnected, as dangerous potentials can remain within the cable’s 
capacitance (Paul, Chavdarian et al. 2011). A corresponding switchboard is required on the shipside to 
provide the shore connection interface with the necessary protection and interlocks. These two 
switchboards provide the connections for the ship-shore cable as well as the communication interface. 
This serves to create a pilot connection as well as co-ordinate protection mechanisms on the ship with 
the shoreside. 
 
The shore connection switchboard must be located in an easily accessible location, and in the vicinity 
of the ship-shore connection cable spool. In order to provide a standardised system, a vessel with non-
standard onboard voltage must have its own onboard transformer. However this can be placed at any 
convenient location. The ship receiving switchboard is the final connection to the onboard power 
system. Typically an extension of the existing main switchboard, this provides the necessary 
protection, interlocks and synchronisation with the onboard generators.  
 
 
Figure 1 Generic requirements for cold ironing system. 
The system described so far relates to a single supply, but a number of possible network configurations 
emerge when providing power to multiple berths. The objective is to provide sufficient power with the 
highest cost effectiveness, i.e. highest efficiencies and lowest installation cost (for the same operational 
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costs). Three topologies have been identified as derivatives of the basic circuit of Figure 1 and 
compliant with IEC/ISO/IEEE 80005-1. 
2.1 Distributed topology 
 
The straightforward extension of the generic topology of Figure 1 replicates the complete system for 
every berth, giving the distributed topology of Figure 2 (showing only shoreside components). Here a 
frequency converter and transformer is provided for every berth. This provides a high resilience but a 
high component count, and an especially large number of frequency converters. Furthermore, in order 
to permit flexibility, each branch must be rated to the maximum demanded power, increasing costs. 
 
 
Figure 2 Distributed shore topology. 
2.2 Centralised topology 
 
Taking advantage of expected load diversity, a centralised topology (Figure 3) can deliver the same 
power but with a lower component count and cost. Using a centrally located frequency converter, a 
smaller converter can be installed than the total combined ratings of the converters in the distributed 
case. This is dependent on the visiting load profile, and based on the likelihood of concurrent power 
(and frequency) demands. A more complex double busbar arrangement is required, as well as 
individual transformers, but only one frequency converter. 
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2.3 DC distribution 
 
A hybrid between the two described topologies can be introduced, by extending the DC link between 
rectifier and inverter; a DC distribution network is provided with only the inverter stage needed for 
each berth. The DC network facilitates integration with any additional generation sources or battery 
storage; however, protection devices are bulkier and more expensive than equally rated AC 
counterparts. 
 
 
Figure 4 DC shore distribution. 
3. Modelling 
 
3.1 Electrical model 
 
In order to provide an evaluation of the different topologies, a model of the electrical networks 
described in section 2 was built in Simulink. The aim of the analysis is the quantification of losses to 
estimate the resultant emissions from cold ironing compared to running of auxiliary generators. Hence, 
first order models were used, which account for the inefficiencies associated with each component of 
the network. Due to the use of switching components, harmonics are introduced to the system which 
cause harmonic currents to flow, in turn distorting system voltages. These harmonic currents raise the 
total rms current, and cause additional losses in transformers. The additional losses due to harmonic 
currents are accounted for as per the procedure outlined in (IEEE 2008). Voltage distortion is not 
modelled, but the additional losses due to harmonics are calculated separately and added to the utility 
demand retrospectively. 
 
3.2 Emission figures 
 
The actual emissions produced to generate the required energy from the shore supply network depend 
greatly on the actual generation mix of the location where the ship is berthed (Hall 2010). Clearly, a 
location with a significant contribution of renewable or nuclear power will produce much lower 
(airborne) emissions compared to one with a high proportion of coal-fuelled power. For this work, the 
generation mixes used are on a country-wide basis, as this represents energy policies, available from 
(IEA 2012) and its corresponding website. 
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The emission factors for the various energy sources were calculated by correlating greenhouse gas 
emissions (Brown, Cardenas et al. 2012) and the corresponding energy generation statistics (MacLeay, 
Harris et al. 2011) in order to obtain emission factors in g/kWhe of generated electrical energy. This 
must also account for the additional transmission losses, which are location specific (IEA 2012). These 
are summarised as Table 1. 
 
Table 1 Emission factors for various power plant fuels 
Fuel type 
Emission factors 
CO2 (g/kWh) NOx (g/kWh) SOx (g/kWh) 
Coal 911.6 1.76 1.66 
Fuel oil 683.2 2.5 1.78 
Natural gas 394 0.26 3.91×10
-3
 
 
The emission factors of Table 1 are combined with the generation mix of the country, in order to give 
the respective emission factors. The emissions for electric power generated onboard are estimated 
similarly using emission factors given in (Cooper 2002). A comparison of emission figures for various 
countries with onboard generation is given in Table 2, which shows the broad variety of generation 
mixes and the resultant emission factors. NOx emissions are reduced across the board, but CO2 and SOx 
emissions exhibit more variations. CO2 generation is reduced in most case, but for locations with a high 
percentage of coal generation (such as China) the net emissions per kWh generated will actually 
increase. In the case of SOx, the comparison is done with low Sulphur content fuel (0.1%). 
Interestingly, in most cases the net emissions will increase, with only countries with a high renewable 
or nuclear mix showing a net decrease. It must be borne in mind that this reflects current (power plant) 
emissions, and with future installation of scrubbers and other combustion after-treatment devices with 
new regulations, this disparity would be likely to decrease. Furthermore, with higher sulphur-content 
marine fuels, emission factors are improved with cold ironing. 
 
Table 2 Comparison of emission figures with onboard generation for select countries. 
 CO
2
 NO
x
 SO
x
 
 (g/kWh) Difference (g/kWh) Difference (g/kWh) Difference 
Auxiliary generators 690 - 13.9 - 0.44 
(0.1%) 
- 
UK 478.9 -30.6% 0.7 -95.1% 0.5 17.8% 
Spain 331.1 -52.0% 0.5 -96.2% 0.4 -19.1% 
France 75.6 -89.0% 0.1 -99.0% 0.1 -73.9% 
Germany 478.6 -30.7% 0.9 -93.7% 0.8 77.5% 
Turkey 684.1 -0.9% 1.0 -92.6% 0.8 71.4% 
US 585.4 -15.2% 1.0 -92.7% 0.9 101.6% 
China 762.6 10.5% 1.5 -89.4% 1.4 213.6% 
   
3.3 Input data 
 
The input to the simulation model is a power profile for each berth. Associated with the power demand 
profile is the power factor at which this power is drawn, as well as the frequency demanded by the 
berthed vessel. For this project, data was made available by a collaborating port for a RoRo terminal, 
from which Figure 5 was obtained, showing the power profile for five berths over a working week. 
This shows visits by a number of vessels, with different power demands and frequencies.   
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Figure 5 RoRo terminal, berth power profiles. 
Each berth’s power profile is an input to the complete shoreside network model (corresponding to an 
individual topology). In order to make for faster simulation times, the simulation is only run when a 
change in input is detected, otherwise all quantities are held until the next detected change, at which 
point all voltages and currents are recalculated until a steady-state condition is reached and held. This 
serves to calculate the losses in the shore network system, which must be added to the berths’ demand 
power. 
4. Search algorithm 
 
Each topology will exhibit different efficiencies due to its different configuration and component 
loading. This is also highly dependent on the size of the chosen component, giving a large number of 
possible configurations. An evolutionary algorithm such as Particle Swarm Optimisation (PSO) 
presents a suitable method with which to identify optimal configurations. PSO mimics the social 
behaviour and interactions of a swarm of birds or shoal of fish in searching for a goal (Kennedy and 
Eberhart 1995; Clerc 2006). 
 
The optimality in this case is to reduce the generated emissions, commensurate with maximising the 
network’s efficiency. However, in practical situations focusing only on a single objective does not 
realise realistic solutions – in this case minimising losses could result in a significantly oversized 
system making for an infeasible, expensive system. 
 
Multi-objective optimisation considers multiple, conflicting objectives such that the result of the 
algorithm is a compromise between the objectives, making for more realistic solutions. A multiple-
objective problem can be trivially converted to a single-objective one by means of a weighted sum of 
the objectives. This however makes for a result which is very sensitive to the weighting vector applied, 
giving very different results for a slightly different multiplier. 
 
A more natural approach which does not require prior knowledge of the spread of the results makes use 
of Pareto-ranking whereby solutions are sorted into sets which are superior to each other, but solutions 
within the same set are said to be non-dominated with respect to each other. This implies that no one 
solution in the same set (rank) is superior to another in all objectives, such that in moving from one 
solution to another, a certain sacrifice is made in one objective for a gain in another. Consequently, the 
final result of such a search algorithm is not a single optimal solution, but rather a set of equally-
optimal solutions from which the final solution is selected by the user using higher-level information, 
such as engineering judgement regarding the suitability of one solution versus another (Deb 2001; 
Coello, Pulido et al. 2004; Clerc 2006). 
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4.1 Application to cold ironing 
 
The aim of the search algorithm applied to cold ironing is to identify feasible shore networks which 
give the lowest emissions for the provision of connected shore power. The two conflicting objectives in 
this case are the minimisation of energy demand from the utility (maximising efficiency) and 
minimisation of installation cost. 
 
The costs associated with a cold ironing installation are highly dependent on the specific situation and 
the individual project demands. Such individualities would include the infrastructural works (e.g. the 
need for cable trenching), equipment location and other environmental concerns. As a result, the 
estimation of an absolute cost figure for an installation would give unrealistic figures. For an indicative 
figure of costs, a per-unit approach was taken, where a base value of 1pu/kVA is assigned to a 
transformer, and a frequency converter is assigned 3pu/kVA. Thus, by knowing the device rating (in 
kVA) and the number of components, a relative cost figure in pu can be estimated. This permits 
comparison between configurations to be carried out based on the component count and component 
size. 
 
The variables in this application are therefore the network topology (centralised, distributed or DC), 
and the individual component rating (kVA). Taking a representative week (Figure 5) as the typical load 
profile, the energy demanded from the utility is calculated for that scenario, together with the relative 
cost of the configuration. A multi-objective PSO algorithm was developed based on (Coello, Pulido et 
al. 2004), including also constraints on the berthside voltages to be within the limits as specified in 
(IEC/ISO/IEEE 2012).  
5. Results 
 
The optimisation algorithm was run for the case port with five RoRo berths and the associated power 
profile of Figure 5. The progression of the best Pareto-optimal fronts (rank 1 only) is shown in Figure 
6, showing the general shift towards the bottom left corner of the objective space, corresponding to a 
minimisation of the two objectives. The final Pareto front (consisting of two distinct solutions) is 
highlighted on the plot, and is described in the search space as the configurations defined in Table 3. 
Apparent from these results is that a centralised topology is the most suitable network, with the 
corresponding berth ratings.  
 
In order to compare the environmental performance of cold ironing with onboard generation, the first 
solution (from Table 3) was chosen, and the corresponding emission figures are given in Table 4. This 
also includes the average transmission losses for each country, together with the losses in the shoreside 
network. Clearly more energy needs to be generated compared to onboard generation where 
distribution losses are minimal, but the emission performance is then highly dependent on the 
generation mix employed. Once again (similar to the comparison of emission factors in Table 2), 
locations with high coal generation percentage will have a net increase in emissions, while these are 
decreased for cleaner mixes. NOx emissions are decreased across the board, but the margin with SOx 
emissions is not clear, especially with low sulphur fuel used onboard. With higher Sulphur content fuel, 
cold ironing gives a cleaner solution in most cases. 
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Figure 6 Objective space progression illustrating the optimal Pareto sets over 500 iterations. 
 
Table 3 Corresponding search space configurations for optimised cold ironing network. 
Component ratings (kVA) Network 
Type 
Energy 
demand 
(kWh) 
Total cost 
(normalised 
cost) Berth 1 Berth 2 Berth 3 Berth 4 Berth 5 Central 
700 1000 1050 550 900 2800 Centralised 59351 15400 
550 1200 1050 400 900 2800 Centralised 59374 15300 
 
 
Table 4 Comparison of environmental performance for optimised cold ironing network. 
Solution Energy generated 
(kWh) 
CO2 
(kg) 
NOx
 
(kg) 
SO2 (kg) 
0.1% S 
content 
0.25% S 
content 
Onboard 
generation 
53144 36669 739 23 58 
Spain 
Cold ironing 64748 19651 30 20 
Difference +22% -46% -96% -13% -65% 
UK 
Cold ironing 63547 28422 41 31 
Difference +20% -22% -94% +34% -46% 
China 
Cold ironing 62259 45262 87 82 
Difference +17% +23% -88% +256% +41% 
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Conclusions 
 
Cold ironing eliminates in-harbour emissions when vessels are berthed by connecting their onboard 
electrical systems to the shoreside grid. This serves to shift the emissions elsewhere, but the net 
resultant figures are greatly dependent on the generation mix employed in the location where berthed. 
Countries with a high renewable or nuclear mix will see net (airborne) emissions reduced, while cold 
ironing in coal-dependent locations might not have a positive effect. It must however be borne in mind 
that whatever the location, emissions are greatly reduced from the harbour area. 
 
A number of electrical network configurations have been outlined for shore supply networks, which 
provide different flexibility and efficiencies for different conditions. In order to identify the best 
configuration in terms of topology and berth ratings, a multi-objective PSO algorithm was developed 
which intelligently searched through the possible combinations to identify best compromise solutions 
with respect to efficiency and cost. 
 
The infrastructural costs associated with cold ironing are significant, yet immediate benefits to harbour 
areas are realised. A feasibility study is necessary for any implementation which would take into 
account the number of visits and duration of stay to account for the viability from an operational point 
of view. In this work, an ideal scenario where all vessels are connected is considered, permitting an 
analysis of the environmental impact on a like for like basis with current onboard generation. 
 
Onshore power supply is not a magic solution to shipborne emission problems, but it provides a 
possible contribution towards cleaner air in harbours. With standardised requirements, it is hoped that 
uptake from harbour authorities will increase. 
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